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are the density and velocity potential
for the background ow. After substituting these into














 r +4+r(ln 
0
)  r = 0 : (10)
The back ground ow obey the same equations (1) and
(2) but with suÆx "0". Eliminating  in the equations
































 = 0: (11)
This equation can be interpreted as an equation for a





























where  is a constant. In order to understand a cor-
respondence between this geometry and black hole, let





(x); 0; 0). In the t-x plane, the metric is able to be































































(x), may play a role of the horizon. By the
same discussion of the case of the original Hawking ra-
diation, this uid model has the Hawking radiation with
Planckian distribution and we can derive the "surface















Here we propose a concrete model using a Laval nozzle,
which realizes above discussion experimentally. Suppose
an axi-symmetric tube with cross section A(x), where
x is a coordinate along the tube. When A(x) changes
slightly along x, we can regard that the ow is uniform
in cross section at any position and is one-dimensional.
For a stationary background ow along the Laval nozzle,













) = constant :


























which leads to a relation between the velocity of ow and


















is the Mach number. This suggests
that the subsonic ow will be accelerated when the cross
section becomes smaller along the ow, and the super-
sonic ow will be accelerated when the cross section in-
creases. In this paper, we consider the tube, which has a
narrow throat near the center of the tube and spreading
cross section at the ends. Such a tube is called Laval
nozzle. In the Laval nozzle, A(x) is decreasing along
the ow (dA < 0) at the upper stream from the throat
and is increasing (dA > 0) at the down stream (Fig-
ure.1). Therefore, if we can realize M = 1 at the throat,
M = 1
1M 1M
FIG. 1: Laval nozzle.
we can make supersonic ows at the down stream from
the throat and a sonic horizon emerges at the throat.
Suppose that there exist an asymptotic region in the up
stream of the ow where the uid rests, i.e. v
0
= 0 and









It is obvious that this region can be related to a asymp-
totically at spacetime region in corresponding black hole












































Furthermore, we can show that the velocity of the uid

























along the Laval nozzle in the case of  = 7=5
. Each velocities are normalized by the sound velocity at the




= 1. The sonic




= (2=( + 1))
1=( 1)
 0:64:
which means that the sonic horizon is realized at the
throat. Figure 2 shows proles of the ow velocity v
0
and the local sound velocity c
s





where each velocities is normalized by the sound velocity
at the up stream asymptotic region c
su
.
Next, let us consider solutions of the uctuations of







equation (11) and using the WKB approximation, we






































The out-going solution k
out
represents a wave which
propagates up-ward against the background ow. In the
asymptotic region v
0
 0, this mode is a usual out-going
plane wave and should be regarded as an observable.
However, we note that this solution corresponds a wave




so that the behavior near the horizon is drastically dier-
ent from that in the asymptotic region. On the contrary,
k
in
is an in-going wave which propagate down-ward along
the stream and go through the horizon almost senselessly.




For more investigation, we assume the background











(x=L), where L is a typical length scale of the Laval
nozzle. Although the function g is determined by ac-
tual shape of the Laval nozzle. its precise form will be
not signicant in the succeeding discussion. We spec-
ify only locations of the throat and asymptotic region
as follows: the throat (17) locates at x
th
("th" means
"throat"), which satises g(x
th
=L) = (2=( + 1))
1=( 1)
,
and the asymptotic region in the up stream of the ow is
given by x ! +1; v
0
! 0. Under these conditions and


























When we introduce a coordinate z near the sonic point
x
th
as x = x
th
+ z , we can calculate the surface gravity



























Thus, we have the expression for the out-going mode of


































in the asymptotic region, i.e. x! +1.
In Figure 3, we show comparison between the usual
black hole space time and the uid ow in the Laval noz-
zle. In the scenario of the Hawking radiation [1, 2][10],
a normal mode corresponding to vacuum, i.e. a positive
frequency part, is prepared in the past null innity I
 
.
Here we consider the evolution of this mode toward the
past horizon H
 
. The existence of the black hole region
and the future horizon H
+
do not aect this evolution
so that a quantum state on H
 
is nothing more than
the vacuum state in I
 
. On the other hand, an observer
prepares the vacuum state in the future null innity I
+
,
which is determined by a positive frequency normalmode
in I
+
, and he denes a particle on the vacuum. Similarly,
as in the previous case, we investigate the evolution of
the mode in I
+
backward in time toward the past hori-
zon H
 
. In this case, however, the future horizon H
+
signicantly aects the evolution of the mode. Thus, the





the same place H
 
shows that the future vacuum in I
+
diers from the past one in I
 
and a thermal emission of
particle can be observed in the future null innity I
 
.
We note that the propagation of the perturbation in
the background ow in the Laval nozzle keeps an essen-
tial feature of the Hawking radiation in black hole space
time. Due to the existence of the sonic horizon, the out-
going plane wave (25) in the asymptotic region, which
corresponds to the normal mode in the future null inn-
ity I
+













FIG. 3: Comparison between the black hole spacetime and the ow of the Laval nozzle.
near the sonic horizon is drastically changed as (24). It
is well-known that the logarithmic behavior of the mode
(24) results in the thermal property of the spectrum of
the created particles and its temperature is related to a
value of the surface gravity . This means that if we
could achieve the ideal setting in which the quantum
coherence is being kept perfectly, we would be able to
simulate the Hawking radiation in the uid in the Laval
nozzle. However, that seems to be a very diÆcult exper-
iment in the uid with sonic horizon, since interaction of
the uid with wall of an apparatus causes the vortex for-
mation and destroys the quantum coherence of the whole
system.
For that reason, we will treat our problem classically
and look for the classical analogue of the Hawking ra-









which mimics the vacuum state function in the past null
innity I
 
. Suppose that we observe this wave in the
asymptotic region I
+
in terms of a power spectrum in
place of the particle number. For this purpose, we eval-











































of the prepared wave 	
in
!
with respect to the observed
wave in the asymptotic region 
out
!
. Finally, we ob-
















This is the Planckian distribution which can be regarded
as a classical analogue of the Hawking radiation. From
equations (22) and (28), the spectrum is characterized by
a wave length   1=.
Of course, our proposal is not a full quantum simula-
tion of the Hawking radiation. However, nature of the
wave propagation near the horizon is well imitated so
that we can observe the Planckian distribution, which is
one of the important features of the Hawking radiation.
As for tractability, because our proposal does not neces-
sitate keeping quantum coherence, it would be an easier
task to do our experiment and to observe the power spec-
trum than the previous proposal[8]. Taking into account
this advantage, we will regard our proposal as a rst con-
vincing step of simulation of the Hawking radiation in
laboratories.
The one of the authors (M.S) would like to thank Dr.
S. Inutsuka for stimulative discussion.
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